The effects of management practices on energy, water and carbon exchanges were investigated in a young pine plantation in south-west France. In 2009-10, carbon dioxide (CO 2 ), H 2 O and heat fluxes were monitored using the eddy covariance and sap flow techniques in a control plot (C) with a developed gorse layer, and an adjacent plot that was mechanically weeded and thinned (W). Despite large differences in the total leaf area index and canopy structure, the annual net radiation absorbed was only 4% lower in plot W. We showed that higher albedo in this plot was offset by lower emitted long-wave radiation. Annual evapotranspiration (ET) from plot W was 15% lower, due to lower rainfall interception and transpiration by the tree canopy, partly counterbalanced by the larger evaporation from both soil and regrowing weedy vegetation. The drainage belowground from plot W was larger by 113 mm annually. The seasonal variability of ET was driven by the dynamics of the soil and weed layers, which was more severely affected by drought in plot C. Conversely, the temporal changes in pine transpiration and stem diameter growth were synchronous between sites despite higher soil water content in the weeded plot. At the annual scale, both plots were carbon sinks, but thinning and weeding reduced the carbon uptake by 73%: annual carbon uptake was 243 and 65 g C m −2 on plots C and W, respectively. Summer drought dramatically impacted the net ecosystem exchange: plot C became a carbon source as the gross primary production (GPP) severely decreased. However, plot W remained a carbon sink during drought, as a result of decreases in both GPP and ecosystem respiration (R E ). In winter, both plots were carbon sources, plots C and W emitting 67.5 and 32.4 g C m −2 , respectively. Overall, this study highlighted the significant contribution of the gorse layer to mass and energy exchange in young pine plantations.
Introduction
Forests play an important role in the climate system, providing important feedback to the level of carbon dioxide (CO 2 ) in the atmosphere. Temperate forests in Europe are currently net carbon sinks (Nabuurs et al. 2003 , Loustau 2010 , due to several factors: juvenile forest age structure; an increase in nitrogen (N) availability, atmospheric N deposition; and rising atmospheric CO 2 concentration (Luyssaert et al. 2010) . Several modelling studies suggest that these factors will also have a positive effect on future forest production , Ciais et al. 2008 , Dezi et al. 2010 .
However, on a long temporal scale, this positive net carbon uptake could be significantly compromised (Ciais et al. 2008 ), due to changes in the forest disturbance regimes, including natural events such as fire, disease, drought or heat waves (Granier et al. 2007 , Sohngen 2008 , but also changes in management practice such as site preparation, thinning and clear-cutting (Kowalski et al. 2003 , Chen et al. 2004 , Misson et al. 2005 , Dore et al. 2010 .
In European forests, management (e.g. clear-cutting, thinning) is the main disturbance during the forest life cycle (Janssens et al. 2001 , Kowalski et al. 2003 . In response to the demand for wood-energy, forest crop systems are being developed, particularly in the Landes region in south-western France, which is climatically well suited to such systems. Future management scenarios for this region include plantation of stands for intensive production of bio-energy. Mixed species plantations, particularly mixtures with pioneer or weedy N-fixing species, are under consideration. How to make optimal use of the forest for which biomass would be used in the bio-energy sector is of particular interest. Such forests are not managed for carbon sequestration, but nonetheless contribute to climate mitigation efforts by reducing carbon emissions from the energy sector (Nabuurs et al. 2008) . Therefore, management strategies such as thinning and weed control, play an important role when considering whole forest rotation and magnitude of the sink. At the same time, N-fixing species growing between trees play a potentially useful ecological role in young forest plantations which suffer from soil N deficiency. However, because they may compete with growing trees for other resources such as water, it remains an open question whether they provide a net benefit to forest growth. Moreover, these forest systems are characterized by the importance of the period preceding canopy closure, during which the forest has a highly heterogeneous spatial structure. In France and particularly in the Landes region, this stage of the rotation is particularly important since the stand is characterized by the coexistence of trees growing with a developed herbaceous and weedy layer covering 70% of the ground surface. In this region, removal of weedy layers usually occurs 5 years after plantation or sowing (Lesgourgues et al. 1997) , so that this stage corresponds to a critical point when the carbon balance is annually close to neutral or when the first centimetres of the soil become stabilized a few years after harvesting and plantation. During this period leading up to canopy closure, the respective contributions of soil and vegetation to atmospheric mass and energy exchanges change rapidly in an interdependent way. The contribution of trees is negligible at the sowing or planting stage, but gradually becomes larger than the soil and weedy components and subsequently becomes the dominant stratum at ages ranging from 6 to 10 years. Thus, the nature of the herbaceous layer is important, particularly if it presents advantages such as natural N-fixing ability. However, the environmental responses of this young stage, with or without N-fixing species, are not well understood, making their management highly uncertain.
In the forest in the Landes region, many studies have been performed to determine energy, water and carbon exchanges, but relatively few have been carried out in young stands (Kowalski et al. 2004 , Stella et al. 2009 ). The majority were conducted in adult stands (Berbigier et al. 1991 , Medlyn et al. 2002 , Bosc et al. 2003 , Jarosz et al. 2008 . In other countries, there have been a number of studies on responses to disturbances such as fire (Dore et al. 2010 ) and thinning and clear-cutting (Kowalski et al. 2003 , Misson et al. 2005 , Dore et al. 2010 , Sun et al. 2010 . However, in general there are few studies on young stands and their response to management practices such as weeding and early thinning. The change in vegetation cover during this stage is likely to have a large effect on atmospheric and soil exchanges of carbon and water (Simonin et al. 2007 ). Comparing adult, clear-cut and young plantations, Kowalski et al. (2003 Kowalski et al. ( , 2004 showed that the first phase after a disturbance (e.g. soil preparation) is particularly important in the carbon cycle, the energy balance and greenhouse gas exchanges. Between plantation establishment and canopy closure, the net absorbed radiation increases by 50%, the albedo decreases from 50 to 25% and the total evapotranspiration (ET) increases from 20 to 50%. The net carbon exchange reverses: a young stand of 1-2 years old acts as a source of CO 2 , but rapidly becomes a carbon sink as the forest grows. To assess the contribution of the understorey, vertical partitioning between understorey vegetation and overstorey pines has also been evaluated in adult stands (Berbigier et al. 1991 , Misson et al. 2007 , Jarosz et al. 2008 . These studies concluded that differences in the structural organization of pines and understorey influenced the partitioning of all the components involved in biophysical processes, such as heat fluxes or carbon uptake.
This study aimed to investigate the effects of thinning and weeding on energy, water and carbon ecosystem exchanges during the juvenile stage of tree growth. The presence of a layer of dwarf gorse and other weedy plants is also studied and its effects on these exchanges assessed. To achieve these objectives, we compared mass and energy exchanges in two contiguous young forest stands during one year (June 2009 to May 2010). The first plot was covered by a continuous layer of gorse between rows of maritime pine. In the second plot, the gorse layer was mechanically weeded and the maritime pines thinned. We analysed the variations in the biophysical characteristics and carbon exchange at seasonal and annual scales in response to the climate conditions. Several hypotheses were assessed: (i) the change in tree and gorse cover due to weeding and thinning would decrease available energy; (ii) the lower total leaf area would increase water availability for trees in the thinned and weeded plot, and thus mitigate the impacts of summer water deficit; and (iii) given that the young stands have a carbon balance that is close to neutral, weeding and thinning would change the ecosystem from a small carbon sink to a source.
Materials and methods

Experimental sites
The study was carried out at the Bilos site, located in the Landes forest ~50 km south-west of Bordeaux, France (44°29′37.99″N; 0°57′21.9″W). The climate is temperate with a maritime influence. The 1950-2000 mean annual temperature and precipitation are respectively 13 °C and 977 mm. The site covers a 1 × 0.6 km area and is managed according to standard management practices (Lesgourgues et al. 1997 ). The soil is a sandy podzol with a discontinuous layer of iron hard pan at 75 cm depth that limits root extension. The characteristics of the site and prevailing climate features are summarized in Table 1 .
Following clear-cutting in 1999, the site was ploughed to 30 cm depth and fertilized with 60 kg P per ha in 2001. Measurements of turbulent fluxes of momentum, sensible and latent heat, and CO 2 at this site have been made using the eddy covariance technique since 2000. In November 2004, the site was divided into two halves, which were seeded with maritime pine (Pinus pinaster Ait.) with a 1-year lag, in 2004 and 2005, respectively, tree rows being spaced at 4 m. In November 2008, the older stand (plot W) was thinned and weedy vegetation cleared while the younger stand (plot C) was left unmanaged. In the first stand, the soil surface was, subsequent to the thinning and weeding, covered by woody debris. Weedy vegetation, including gorse and other herbaceous plants, regrew spontaneously and was mechanically destroyed for a second time in November 2009. In the second stand, plot C, a well-developed weed layer composed of gorse (Ulex minor, Roth), heather (Calluna vulgaris L.) and other herbaceous plants (Molinia coeruela M., Phytolacca americana L.), covered the soil surface. The weeding and thinning induced a difference in basal area of 2.92 m 2 ha −1 between plot C (5.26) and plot W (2.34). The treatments also reduced the leaf area index (LAI) of the stand by ~1.9 m 2 m −2 in summer and by roughly 2.4 m 2 m −2 in winter 2009.
In 2009, all measurements were duplicated in plot C, giving fluxes in each plot, and the two plots were further equipped with sap flow, rainfall gauges beneath the canopy and automated tree stem dendrometers. Tree diameter, height, crown height and maximal crown extension were inventoried annually (2009, 2010) .
Meteorological measurements
At plot W, the incident short-wave radiation (SW↓) was measured with a CE180 pyranometer (Cimel Electronique, Paris, France). A CGR2 pyrgeometer (Kipp & Zonen, Delft, The Netherlands) was also used to measure the incident and reflected long-wave radiation fluxes (respectively LW↓ and LW↑). The incident (PAR) and diffuse (PAR d ) photosynthetic photon flux densities were measured using a sunshine sensor BF3H (Delta-T Devices, Cambridge, UK), while the reflected PAR was measured with an SKP 215 PAR sensor (Skye Instruments, Powys, UK). Plot C was equipped with a pyranometer to measure the upward short-wave radiation (SW↑) and an SKP 215 sensor for the outgoing PAR. On each plot, net radiation (R n ) was measured with an NrLite pyrradiometer (Kipp & Zonen) . A CNR4 net radiometer (Kipp & Zonen) was used a posteriori to calibrate our data. The four components of the energy balance were measured with this sensor.
Atmospheric pressure was measured on plot W with a CS105 barometric pressure sensor (model PTB101B; Vaisala, Helsinki, Paired comparison of water, energy and carbon exchanges 905 8-194.5 Finland). Air temperature and humidity were measured at 4 and 6 m heights using a CS215 probe (Campbell Scientific, Logan, UT, USA) on the two plots, respectively ~1.50 and 3.50 m above tree height. Precipitation above the canopy (Pi) was measured with rain gauges: ARG100 (Campbell Scientific) on plot W and Munroe on plot C. The rainfall fraction reaching the soil, called throughfall, was determined using home-made zinc V-shaped gutters of 2 m in length, with a V-angle of 60° and a width of 15 cm (plot W) or 5 cm (plot C) set up below the canopy and directed into automated rain gauges (ARG100). On plot W, two systems composed of four crossed troughs were installed in the inter-row. Two other linear systems with four troughs were installed along tree rows. On plot C, where the canopy is continuous, we installed two systems composed of six gutters (four gutters along the tree rows + two gutters perpendicular to the rows). For both plots, the troughs were tilted at an angle of 6°. This device has a high receiving surface so that the risk of water loss by evaporation in the gutter needs to be taken into account. This loss was estimated with a reference system installed in an open area close to our laboratory and corrections were applied to throughfall measurements. The difference between Pi and throughfall gives the rainfall interception, I. All meteorological data were measured every 10 s and half-hourly averages were stored by dataloggers (CR1000, CR23X and CR10X; Campbell Scientific).
Soil measurements
In plot W, soil water content (SWC) was determined using CS615 probes (Campbell Scientific) 
Sap flow measurements and stem diameter growth
We used the thermal dissipation method (Granier 1985 (Granier , 1987 to measure sap flow. This method uses a pair of probes containing a copper-constantan (Cu-Cn) thermocouple and surrounded by a glass-coated constantan wire. The probes were designed for small trees and were 1.5 mm in diameter and 10 mm in length. They were inserted in aluminium tubes, and installed in the stem, vertically separated by 120 mm. The upper probe was heated continuously with a constant power of 0.140 A, whereas the lower probe was unheated and measured wood temperature. Sensors were covered with an aluminium sheet to prevent exposure to rain and direct sunlight. This system was installed on six representative trees in each plot, chosen to represent the frequency distribution of stem basal area and tree height ( Table 2 ). The original equation relating the difference in temperature between probes to sap flux was applied (Granier 1985) . Sensors were not heated during several periods to estimate the potential influence of the natural thermal gradients so that data could be corrected.
The mean sap flow density was then converted into transpi-
2 1 − − ) using the stocking (tree m −2 (ground) ) and cross-sectional area of sapwood at 1.3 m height (m 2 (sapwood) tree −1 ). In our study, T p refers to pine transpiration. The assumption of a constant radial profile of sap flow can introduce systematic bias into estimates of both tree and stand water use, particularly in older coniferous stands 906 Moreaux et al. Table 2 . Characteristics of trees selected for measurements of sap flow measurements and stem diameter growth. DBH represents the stem diameter at 1.30 m and Ht represents the total height of the tree. Hm and Hs refer to the micro-dendrometer and sap flow probe insertion heights, respectively, and Dm and Ds to the stem diameters at these heights.
Micro-dendrometers
Sap flow probes (Clearwater et al. 1999 . However, we assumed that in small stems, all sapwood is active without any radial gradient in sap flux. Therefore, no correction for radial gradients was applied.
In each plot, the radial growth of tree stem was monitored using micro-dendrometers installed on the six trees sampled for the sap flow measurements. These home-made micro-dendrometers use a high-resolution linear position resistive sensor (RS317-780 Radiospares, Beauvais, France) mounted on a rigid frame to the trunk. These measurements started at the end of March 2010. Measurement heights are given in Table 2 .
Turbulent flux measurement and data processing
Wind velocity, temperature and CO 2 /water vapour fluctuations were measured on both sites with, respectively, a sonic anemometer (model 1210R3; Gill Instruments, Lymington, UK) and an open-path dual CO 2 /H 2 O infrared gas analyser (IRGA; model Li7500; LiCor Inc., Lincoln, NE, USA) at the top of a 6 m tower, ~3.5 m above the canopy. The two towers were separated by a distance of 580 m. We calculated the footprints for each tower following the method used in Kljun et al. (2004) taking into account the mean direction of the wind on both sites (Table 1 ) and turbulence parameters. We determined that the two footprints took the shape of an ellipse around their mast with a main axis length of 200 m, and they did not overlap. Tourbillon Software (INRA Ephyse, France) was used for the acquisition of data obtained from the anemometer and the analyser with a 20 Hz frequency. The EdiRe software (R. Clement, 1999, University of Edinburgh, UK) was used for the determination of turbulent scalar eddy fluxes, every half hour calculated from the covariance between the vertical component of the wind velocity and the concentrations of H 2 O and CO 2 and air temperature (T a ).
EdiRe was also used for the data processing which was done in two steps. The first step consisted of applying several different functions to correct the data on plots C and W using a general standardized method of processing (Aubinet et al. 2000) . Linear detrending was applied to scalar time series, to remove linear trends in the signals. Two-dimensional rotation was applied on plots W and C to align the streamwise wind velocity component with the direction of the mean velocity vector. The fluxes were corrected for spectral high-frequency losses using the approach of Moore (1986) . CO 2 and H 2 O fluxes were corrected from air density variations due to the use of an open-path system (Webb et al. 1980) .
The second step consisted of filtering the data to remove points corresponding to technical problems, meteorological conditions not satisfying eddy correlation theory or data out of realistic bounds. Different statistical tests were applied for this filtering. Stationarity and turbulent conditions were tested with the steady state test and the turbulence characteristic test recommended by Foken and Wichura (1996) and Kaimal and Finnigan (1994) . According to the different tests, only the values of the latent heat (LE), sensible heat (H) and carbon (NEE) fluxes that pass all the filters mentioned above and with a quality flag of <2 were retained. In what follows, negative values of NEE represent an uptake of atmospheric CO 2 by the vegetation, whereas positive values correspond to a loss of carbon by the vegetation.
Energy balance closure
Evaluating energy balance closure is one of the methods used to check the scalar fluxes estimated by eddy covariance measurements (Aubinet et al. 2000) . We estimated the sum of the measured latent and sensible heat fluxes, LE and H, at the halfhour scale, and compared it with the sum of the available energy, following the simplified energy balance equation:
where R n is the net radiation (W m −2 ) and G the soil heat flux (W m −2 ). We also used the method of the energy balance ratio, EBR (Wilson et al. 2002 , Tanaka et al. 2008 , by summing halfhourly values of (R n − G) and (H + LE):
where j indicates the number of half hours. In our case, other energy sources and sinks (Q) were ignored and, for short canopies, storage of energy in air and biomass (S) is expected to be small so that both terms were omitted in Eqs.
(1) and (2) (McCaughey 1985) . Energy balance ratio was plotted as a function of the friction velocity u* at a half-hourly step to determine a threshold below which data are considered to be invalid.
Water balance
The uncorrected latent and sensible heat fluxes, LE u and H u , were adjusted for energy balance closure following Twine et al. (2000) . Briefly, the gap in energy balance between (R n − G) and (H u + LE u ), which is likely due to underestimation of eddy fluxes, was filled by multiplying LE u and H u by the correction factor R n − G/H u + LE u . On average, this correction augmented H u and LE u by a factor of ~1.2 (see the section on energy balance closure in Results). The adjusted fluxes are denoted as LE and H in what follows. Lastly, missing values of fluxes were gap-filled following the method developed by Falge et al. (2001) and improved by Reichstein et al. (2005) . This method combines the correlations of the fluxes with meteorological variables and their temporal auto-correlation. More information can be found in Reichstein et al. (2005) . The series of corrected and gapfilled data were then used to calculate monthly or annual
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Downloaded from https://academic.oup.com/treephys/article-abstract/31/9/903/1675626 by guest on 23 February 2019 budgets. For water balance analysis, LE was converted into total ET and summed on a monthly scale. The difference between ET and (I + T p ) provides an estimate of the soil evaporation and weed layer transpiration, E h . Soil water balance, ΔSWC, was calculated monthly as the net change in SWC for the 0-80 cm layer. Finally, water balance closure (WBC) was calculated as the difference between Pi and (ET + ΔSWC).
Net ecosystem exchange of carbon
To understand the response of forest processes to environmental changes observed in the studied year, we separated the NEE into gross primary production (GPP) and ecosystem respiration (R E ) following Kowalski et al. (2003) . Thus, NEE was partitioned into GPP and R E and modelled using a rectangular hyperbolic response to incident PAR as follows:
where R ref refers to the ecosystem respiration for a reference surface temperature of 15 °C, Q 10 describes the respiration sensitivity to the surface temperature T s , and a 1 and a 2 are parameters describing the maximum photosynthetic uptake and the light at half of the maximum photosynthetic rate, respectively. The mean surface temperature, T s , was derived from the sensible heat flux and air temperature. Parameters R ref , Q 10 , a 1 and a 2 were fitted by a two-step non-linear regression using a 15-day period moved by a 5-day increment. First, at each time step, R ref and Q 10 were calculated using only nighttime values of NEE (SW↓ < 20 W m −2 ) under sufficient turbulence (u* > 0.2 m s −1 ) during rain-free periods. We substituted surface temperature with soil temperature at 5 cm depth, but no difference was observed. Second, a 1 and a 2 values were calculated using the same conditions on u* and rainfall. Other approaches have been developed since, in which the dependence of GPP on vapour pressure deficit (VPD) is included (Reichstein et al. 2005 , van Gorsel et al. 2009 , Lasslop et al. 2010 ). However, we continued to use the earlier approach in order to maintain consistency with previous data from this study site. Note that our calculation implicitly ignores the putative difference in respiration metabolism between night and day shown by Kok (1949) .
Understorey biomass measurements
Understorey composition and biomass were measured destructively on 20 plots of 1 m 2 randomly distributed within a 30 m × 30 m area of each of the two study sites (Table 1) . After cutting, plant material was separated according to species, dried at constant temperature (65 °C) and then weighed. Green and non-green components were separated to estimate the distribution of dry biomass weight between components.
The ratio of dry mass to projected area was estimated from sub-samples of green material by species and the LAI was calculated using green biomass values and the corresponding dry mass to area ratio.
Results
Meteorological conditions
The period extending from June 2009 to May 2010 had a mean temperature of 12.41 ± 0.06 °C and a total precipitation of 933 ± 9 mm, close to the 1950-2000 averages for this region (Table 1) . At the measurement height (6.6 m for plot C and 6.7 m for plot W), air temperature T a , wind speed U and VPD were nearly the same for both plots (Figure 1 
Energy balance
Annually, plot W absorbed a marginally lower (4%) net radiation than plot C (Figure 2a ) with a total net energy of 2880 MJ m −2 , compared with 2942 MJ m −2 in plot C. This C-W difference varied seasonally, taking positive values in summer and negative values in winter. Since both canopies received the same incident short-wave and long-wave radiation, the difference in net radiation was explained by differences in albedo and upward long-wave radiation (LW↑) (Figure 3 ). The albedo of plot W varied between 0.10 and 0.35 during the study year, while it varied from 0.08 to 0.15 on plot C, with average values of 0.19 and 0.12, respectively (Figure 3a) . The greater seasonal variation in albedo on plot W was due to the regrowth of the weed layer, which progressively covered the soil surface. Its phenological development also induced changes in surface reflectance properties. In contrast, the canopy albedo of plot C evolved mainly owing to the changing pigmentation of the gorse layer, which turned green in summer, yellow in fall and dark brown in winter. In addition, the canopy wetness after rainfall may also explain part of the daily change in the difference in albedo between plots, since the canopy of plot C retained a greater amount of rainfall than plot W (see the results on water balance below). Remarkably, the annual difference in albedo between plots was largely offset by a compensating difference in the upward radiation flux density, LW ↑ , which also had some temporal variation according to the season (Figure 3b) . The largest differences in R n occurred during summer 2009 and spring 2010, reaching a difference of 6 and 8%, respectively (Figure 2b and d). These differences are explained by the larger LW↑ from plot W. The difference in R n decreased in autumn, and was followed by an opposite difference in January 2010 (Figure 2c ). During these periods, LW↑ was higher on plot C than on plot W (Figure 3b ), which might have been due to a higher surface temperature and a change in the surface emissivity of plot C. 
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Energy balance closure
The sum of the uncorrected turbulent fluxes H u and LE u constituted 78 and 85% of the available energy (R n minus the soil heat flux G) on plots W and C, respectively (Figure 4a and b). The intercept values were not significant. Plots of halfhourly EBR as a function of friction velocity u* (Figure 4c and  d) showed that EBR increased with friction velocity, consistent with the results of Wilson et al. (2002) . We observed that EBR was <0.60 when u* was <0.20 m s −1 , and increased as u* increased. Therefore following Falge et al. (2001) , we rejected and gap-filled turbulent flux values for u* values <0.20 m s −1 .
Partitioning the energy fluxes into H and LE
For the peak of the growing season (June 2009, Figure 5a) , most of the available energy was dissipated into latent heat flux LE on plot C, while on plot W the sensible heat flux H was slightly higher than the latent heat flux. Hence, the mean diurnal ratio of sensible heat flux to latent heat flux, the Bowen ratio β, was 0.50 on plot C compared with 1.55 on plot W. Daytime LE was twice as high in the control plot as in the thinned and weeded plot. Conversely, H was 50% higher on plot W than on plot C. Soil heat fluxes were similar between sites despite the difference in soil cover.
During the dry period (end of August, beginning of September 2009; Figure 5b ), the available energy and its components were similar in the two plots, with R n mostly dissipated into sensible heat, so that the diurnal β value increased considerably in both plots, reaching 2.21 on plot C and 2.01 on plot W. Midday values of LE were reduced by a factor of 2 in plot W and by a factor of 4 in plot C compared with the values of LE in the previous period, showing that the latent heat flux of plot C was severely affected by the drought.
No difference in R n was observed during winter (January 2010; Figure 5c ). The dissipation of the available energy was characterized by similar proportions of H and LE, with the β value close to 1. During cold weather, the soil heat flux was negative in the two plots, indicating that the soil was a source of energy for the atmosphere.
Water balance: annual and seasonal differences in the stand water budget
Annually, the partitioning of ET among stand layers was modified by both weeding and thinning (Table 3) pine transpiration T p and evaporation from the soil + weed layer E h accounted for 14, 24 and 62% on plot W of the annual ET respectively, so that soil evaporation and weed layer transpiration were considerably larger than pine transpiration. On plot C, this partitioning was quite balanced between pine contribution (I + T p = 54%) and weed layer contribution (46%). The annual total ET was 15% higher in plot C. The ET difference between the plots resulted mainly from a larger ET from the pine trees on plot C. This difference was partly offset by an opposite difference in ET from the soil + regrowing weed vegetation on plot W. Indeed, I and T p were 61 and 60% higher in the control plot, respectively. This difference was roughly similar to the difference in pine LAI between the two plots: the LAI of plot W was 50% lower in January 2010. Conversely, its E h was higher by 58.3 mm year −1 . The residual term of the WBC was assigned to belowground drainage; surface runoff was largely absent because of the high soil permeability and horizontal topography. Annual belowground drainage was 50.7% (+113.5 mm year −1 ) higher in the weeded plot.
The difference between the plots in ET and its partitioning between layers changed according to the seasons, in response to summer drought and to the regrowth of herbaceous plants in the weeded plot. In particular, we found that:
(1) During the peak of the 2009 growing season (JJA), the difference in ET was highest and caused mainly by higher pine transpiration in plot C. (2) During the drought of September 2009, there was a severe reduction in ET, which equalled 71 and 53% in plots C and W, respectively. Despite a higher SWC (0-80 cm) in plot W (+30 mm, Figure 6 ), it is noteworthy that pine transpiration was reduced similarly and simultaneously in both plots. Consistently, in a second period of severe drought (July 2010, data not shown), fluctuations in tree diameter were remarkably synchronous across the treatments, supporting the hypothesis that the trees were exposed to a simultaneous water stress in both plots:
growth on both sites stopped simultaneously in July 2010 ( Figure 7) . Conversely, in September 2009, E h diverged dramatically between the two plots: it was reduced almost to zero in the control plot but maintained at a substantial rate, 20.2 mm month −1 , in the weeded plot. Hence, E h on plot C was 40% higher in June than on plot W, but 77% lower in September, probably caused by gorse stomatal closure. (3) During the 2009-10 winter (October to February), ET from plot C exceeded that from plot W by 13%. This difference was associated with T p and I being higher than on plot W by ~55%, whereas E h was halved. In wintertime, T p and E h on plot C contributed 36 and 23% of ET, respectively, whereas on plot W it was 28 and 43%, respectively. Simultaneously, the change in SWC on plot W was only 16% higher than on plot C, despite the variability between the months. (4) Lastly, during spring 2010 (MAM), the difference in ET between plots was reduced to 8% but the difference in transpiration of pines between sites grew and conversely the deviation in E h was lower. This period was characterized by an early drought with SWC at 0-80 cm decreasing from mid-April on both sites (compared with mid-May in 2009, data not shown), in response to a 77 (60) mm imbalance between ET and Pi in plot C (W). However, contrasting with the pattern shown during September 2009, we did not find any evidence of a reduction in E h at either site. Despite its lower ET, the soil water was depleted more severely in the weeded plot ( Figure 6 ) because of both larger E h and belowground drainage compared with plot C.
Carbon exchanges
Annually, the two plots were net carbon sinks, but plot W stored 73% less carbon than plot C (NEE in Table 4 ). This difference was mostly attributed to the difference in the GPP Paired comparison of water, energy and carbon exchanges 913 between the two plots, with a 53% higher carbon uptake on plot C. The ecosystem respiration R E on plot C was 40% higher than on plot W. In the two plots, GPP and R E exhibited a seasonal variability during 2009-10, with significant range for GPP (Figure 8 , Table  4 ). Canopy photosynthesis was maximal in June. While GPP on plot C started to decrease at the beginning of July, the onset of the decrease in GPP occurred later in plot W (Figure 8 ). Both GPP and R E were severely affected by the September soil drought. This pattern in GPP paralleled the evolution of ET during the same period on the two plots (Tables 3 and 4) , supporting the hypothesis of canopy-scale stomatal closure. Plot C even became a carbon source in September. During winter, GPP and R E also showed dramatic reductions during cold events.
The partitioning of NEE into GPP and R E (Eq. (3)) allows us to investigate the between-site differences in the asymptotic maximal GPP, a 1 ; light-use efficiency (LUE), a 1 /a 2 ; and night respiration, R E(PAR=0) . These differences are illustrated by the response of NEE to available light at two critical periods: the peak of the growing season and the dry period of September ( Figure 9 ). As expected, the light-saturated NEE value was three times higher in plot C than in plot W, with respective values of −22 and −7 µmol m −2 s −1 for the growing season. This difference almost vanished in the dry period where NEE at light saturation showed similar values of 8.4 and 6.1 µmol m −2 s −1 on plots C and W, respectively. The carbon released during the night-time was also higher in plot C (R E(PAR=0) = 5.7 µmol m −2 s −1 ) than in plot W (R E(PAR=0) = 4.3 µmol m −2 s −1 ) during the growing season but was similar at the end of the drought (R E(PAR=0) = 3.8 µmol m −2 s −1 ).
The derivative of the first term in Eq. (3) at PAR = 0, ~a 1 /a 2 , interpreted as the apparent ecosystem LUE (µ µ mol mol
914 Moreaux et al. Table 4 . Annual and seasonal values of carbon exchange on the two plots. was higher in plot C during the growing and dormant seasons ( Figure 10 ). This trend seems to reverse in the dry period during which plot W became more light-use efficient than C, as the gorse layer on plot C started its senescence. However, given the standard deviations during these 2 months, this trend should be interpreted with caution.
Discussion
Energy balance closure
The gap in the energy balance obtained for the two plots is comparable to that found in other forest sites , Wilson et al. 2002 , Foken 2008 , Jarosz et al. 2008 , Tanaka et al. 2008 . A number of authors have proposed convergent explanations for the gap in energy balance closure (Massman and Lee 2002 , Foken 2008 , Kidston et al. 2010 ). In our study, two explanations are possible. First, the LE u + H u term might have been underestimated, due to a possible loss of low-or high-frequency contributions to the turbulent fluxes, and/or to advection. Advection might have been more accentuated in plot W where the canopy was discontinuous, with a large free space between trees that can drive development of low-or high-frequency turbulences. Second, we neglected the heat storage in the upper soil and dead organic matter accumulated at the soil surface following thinning and weeding. This factor might have also led to a larger underestimate of the available energy in both plots.
Changes in radiative transfer
The annual available energy was in the same range on both plots, with small seasonal variations which contradict our first hypothesis. Several studies conducted on stands of different ages and structures (clear-cut versus old stands) or disturbed (thinned, burnt) versus undisturbed stands showed more significant effects on annual R n (Gholz and Clark 2002 , Kowalski et al. 2003 , Sun et al. 2010 . These studies also showed that R n was reduced when the LAI was lower (clear-cut, burnt) and attributed this reduction to an increase in albedo. Here we found that changes in albedo alone could not explain the small difference in R n that we observed, and that the difference in upward long-wave radiation was offsetting most of the albedo effect. We assume that surface temperature and probably surface emissivity are sensitive to changes in stand structure and canopy wetness, which differed between plots. Similarly, Amiro et al. (1999) conducted a paired comparison between an old forest surface and a 1-year-old burnt surface and showed that the lower albedo on the burnt area was compensated for by higher temperatures, yielding similar values of R n on the two Paired comparison of water, energy and carbon exchanges 915 surfaces. In south-western France, Jarosz et al. (2009) showed a larger difference in R n during May and June, mainly lower values in a clear-cut stand versus winter crops and in a clear-cut stand versus mature stands of maritime pines. These differences reached 20 and 35%, respectively, and were explained mainly by a higher emission of long-wave radiation LW↑ in the clear-cut stand. During the same period our values were lower and ranged from 6 to 15%. Contrary to the findings of Sun et al. (2010) , the difference we observed in R n between plots was larger during the growing season than during winter. This is explained by a compensatory effect between albedo and LW↑ in the dormant season and a reinforcing effect of the two terms in the growing season: in spring and summer, both albedo and upward long-wave radiation were lower in the control plot. The specific pattern of energy partitioning on each plot and its seasonal change show how environmental drivers and canopy structure and composition controlled this partitioning . We found contrasting patterns in the energy partitioning between the two plots, with a higher Bowen ratio on the weeded plot. The difference in LAI is likely to be the main cause of this difference in Bowen ratio. The canopy of the control plot is a continuous mixed layer of pine crowns and gorse, with a low albedo and high stomatal sensitivity to soil water deficit. In contrast, the weeded plot had a large fraction of bare soil that was progressively covered by the regrowing vegetation and the expansion of pine crowns, which explains its lower sensitivity to soil water availability. We saw that during the dry period (end of August, beginning of September), the net radiation was preferentially dissipated into sensible heat on the two sites, and the transpiration of the canopy and understorey decreased as a result of water stress and presumably stomatal closure (see the section on water balance below). Consistently, Jarosz et al. (2008 Jarosz et al. ( , 2009 ) observed a similar evolution in Bowen ratio of a mature maritime pine stand during drought. Baldocchi et al. (2000) also showed that the Bowen ratio increased with drier environmental conditions in a Pinus ponderosa stand. This pattern was also found in a grassland and an adjacent Scots pine forest, where under low water supply, R n was mostly converted into H (Rost and Mayer 2006) .
The presence of the soil + weed layer appeared to play a major role in the partitioning of energy fluxes in plot C. Unfortunately, in our study, no measurement of LE and H on each layer allows us to differentiate the fluxes from the weed vegetation from those coming from the soil surface. Previous studies have shown that the understorey layer contribution is controlled by the overstorey LAI in mature stands with closed canopies. For example, Baldocchi et al. (1997) found that the understorey contributed between 20 and 40% of the total energy exchange in a jack pine forest. Jarosz et al. (2008) assessed this contribution to be 32 and 38% for the sensible and latent heat fluxes, respectively, in a mature maritime pine stand. In young, open stands with a vigorous weed layer of similar height to the trees, it should be expected that the weed layer would play a major role in the partitioning of the energy.
Placing our results in the perspective of the forest life cycle, the partitioning between sensible heat and latent heat fluxes appears to be controlled during the juvenile stage, first by the share of canopy LAI between the weed layer and tree canopy and secondly by the available soil water (see the next section). Then, following overstorey canopy closure, the available energy is mostly controlled by the overstorey LAI alone.
Water balance
As a major component of the water balance in both plots, ET on the weeded plot was only reduced by 15% compared with the control plot. In the context of the Landes forest, little literature is available on water exchanges comparing adjacent stands with contrasting canopy structures induced by forest management and evolving under an identical climate. However, other studies have been conducted in adjacent plots comparing different types of ecosystem. In south-west Germany, Wicke and Bernhofer (1996) showed ET from 50 to 80% higher in a Scots pine forest compared with an adjacent grassland in a 916 Moreaux et al. sunny spring. Sun et al. (2010) also found a 16-40% higher value of ET in a 16-year-old loblolly pine plantation compared with a nearby 4-year-old plantation.
Intuitively, the lower values of ET on plot W were associated with its lower T p due to a reduction in both basal area and LAI. However, the reduction in leaf area also allowed greater amounts of energy and water to reach the soil surface (Figure 6 ), allowing higher surface evaporation just after weeding and transpiration when the weed layer regrew. For example, in November 2009, the herbaceous layer was totally removed on plot W, which could explain the higher contribution of E h on plot W than on plot C, by the presence of a large litter layer, which likely had a high moisture-holding content. The reduction in leaf area also led to an additional annual loss of water by deep drainage (Table 3) . Therefore, soil surface evaporation might have increased, so that E h on plot W was higher than that on plot C, mostly gorse transpiration. Indeed, a lower pine LAI increased radiation load to the ground, inducing higher soil surface temperature and therefore soil evaporation, particularly in summer. This response is in accordance with Simonin et al. (2007) , who found that soil evaporation was greater in a thinned stand of ponderosa pines. Thus, our second hypothesis, that lower total leaf area would enhance resource availability (i.e. soil water) for trees in the weeded plot, and thus mitigate the impacts of summer water deficit, was not confirmed. To insist on that result, despite the weeding and thinning, the pines in both plots seem to have responded similarly to drought conditions, contrary to what we would have expected. The parallel decrease in pine transpiration during August and September 2009 was surprising when considering the stronger decrease in ET on plot C than on plot W. Contrary to expectations, the weeding and thinning did not enhance transpiration per unit of needle area in plot W by increasing light availability and exposure of needles to wind and high VPD. Moreover, stem diameter growth showed a parallel decrease during the 2010 drought. For these reasons, we suggest that the entire soil volume may not have been fully explored by the pine root systems following thinning and weeding.
Our results clearly demonstrate that the pine and weed layers exhibited differential sensitivity to soil conditions and particularly to soil drought, which impacted annual and seasonal partitioning of evaporation from the total canopy. Partitioning of evaporation between overstorey and understorey or surface has already been studied in a number of mature stands. Law et al. (2000) measured the contribution of the surface to total ET in a mature P. ponderosa stand. Soil evaporation was 44% of the total evaporation at the beginning of the growing season, decreasing to 33% during summer. also reported that soil evaporation can account for 30-50% of total ET in temperate pine forests, particularly in spring and summer. Our values were higher because of higher throughfall in a young and open stand compared with a mature and closed canopy. They reached 68 and 66% of ET on plot W in June and August, respectively. On plot C, those values were 64 and 54% of ET. Moreover, as soil evaporation and weed layer transpiration could not be separated in terms of contribution, these percentages included both layers' contributions. Herbst et al. (2008) reported understorey transpiration values representing 9 and 18% of the total ET in two broad-leaved woodlands, with a sparsely developed understorey and a well-developed understorey, respectively. Iida et al. (2009) also noticed the importance of the understorey in a larch forest where its contribution was 51% of the total ET. In the same region as our study, Loustau and Cochard (1991) assessed a non-negligible contribution of the understorey, which represented annually 20% of the total evaporation in a 19-year-old stand. Finally, in the same stand, Berbigier et al. (1991) emphasized the fact that this understorey was not affected by drought, taking advantage of the rain events in the summer, contrary to the adult pines. Indeed, the contribution of the understorey represented 45% of the total evaporation in the growing season and 54% during the drought, while transpiration of the pines represented 45% and then 12% of the total evaporation, in response to stomatal closure for the trees. Moreover, Simonin et al. (2007) found that the herbaceous layer contributed 92 and 75% of the total ET after extreme drought in thinned and unthinned plots, respectively. During the drought event, transpiration of our gorse layer and soil evaporation was clearly reduced and contributed 12% of ET on the control plot. These contrasting results show the importance of considering the nature of the weed layer but also the structure of the stand. In other studies this has comprised small understorey plants growing below mature trees, for example M. coerulea M. growing beneath mature P. pinaster (Berbigier et al. 1991) , and Festuca arizonica and Elymus alymoides growing beneath mature P. ponderosa (Simonin et al. 2007 ). In our case, the weedy species dominated by gorse appear to be more sensitive to drought than the pines in this stand configuration. The drought sensitivity we observed in E h on plot C might be explained by stomatal closure, followed by leaf mortality.
Carbon exchanges
The weeding and thinning in plot W reduced its annual carbon uptake by up to 73%. Despite the reduction of 65% of the total LAI, the weeded plot remained a carbon sink annually. We supposed that the rapid regrowth of the herbaceous layer in plot W contributed to this pattern. This suggestion could explain the time lag in the summer decrease in ET and GPP between the two plots, so that this rapid regrowth compensated for a possible decrease in GPP of the pines, sustaining constant values of GPP in July. This explanation was supported by biomass analysis of the weed layer, which showed that its biomass growth was much faster in plot W than in plot C: the biomass of ground vegetation rose from 136 ± 46 to 282 ± 99 g C m −2 in plot W, a net annual gain of 146 g C m −2 , whereas it did not vary significantly in plot C from 1034 ± 232 to 906 ± 214 g C m −2 , possibly because of increased shading by tree crowns and a high proportion of leaf mortality after the 2009 drought. As more rainfall and light reached the soil of the open canopy, the water use of the weed layer could increase. This observation is consistent with the results from Moore et al. (2006) on ponderosa pine forests, where the thinning of the trees stimulated the rapid regrowth of the understorey.
From the successive studies at this site by Kowalski et al. (2003 Kowalski et al. ( , 2004 and Stella et al. (2009) and data provided for mature sites by Berbigier et al. (2001) and Jarosz et al. (2009) , we can conclude that the regrowth of vegetation (weeds + trees) has turned a clear-cut site into a carbon sink after only 3 years.
The annual values of NEE and its different components on plot C were comparable to the results of Stella et al. (2009) for plot W in 2007 before it was thinned and weeded, at which time it had a similar structure and composition to plot C, including a well-developed gorse layer. In 2007, NEE was −335 g C m −2 and R E reached 1650 g C m −2 . These values are slightly higher than our observations, but were obtained during a wetter year, with more favourable soil conditions, particularly during the spring and summer of 2007 compared with summer 2009 and spring 2010. The annual carbon balance of plot W was also studied at an earlier stage, immediately after harvesting, by Kowalski et al. (2003) . At that time, the site was a net source of carbon with an annual NEE value of 276 g C m −2 with a GPP of 602 g C m −2 and an R E of 878 g C m −2 . Misson et al. (2005) also studied the effect of thinning on carbon balance in a young ponderosa pine plantation. In their study, ecosystem respiration was largely unaffected by thinning, with an increase of only 1%, in contrast to canopy photosynthesis which decreased by 14%, so that their site became a net source of carbon the year following thinning. Recently, Dore et al. (2010) found that thinning of an adult ponderosa pine stand reduced the ecosystem carbon uptake by 30% compared with an undisturbed stand. The change in LAI is the main explanation for the decrease in carbon uptake observed in each study. In our study, in comparison, the total LAI was reduced by 65%, including the removal of the weed layer, against a reduction of 35% in Dore et al. (2010) , which accounts for the larger decrease in carbon uptake that we observed. One limitation of our study is the fact that GPP could not be partitioned between the pines and the weed layer, so that the contribution of the gorse layer on plot C and the regrowing vegetation on plot W during summertime could not be assessed. However, given the strong parallel in the dynamic of ET and GPP during the growing and dry periods in both plots, we can infer that the dynamic of GPP was also driven by the dynamic of the gorse layer. Therefore, it seems that the drought strongly impacted the gorse layer. This conclusion is consistent with observations at the same site directly after harvesting (Jarosz et al. 2009 ), which showed that the weed layer was as sensitive as the pines to summer drought.
The apparent LUE values obtained in summer had a mean value of 0.041 and 0 0 . for plot W and C, respectively. These values are lower than the mean value of 0.064 found for mature pine stands in Finland (Pinus sylvestris and Grasses/dwarf shrubs), Britain (Picea sitchensis and Graminae) and France (P. pinaster and Graminae/gorse), but within the range of the values found in clear-cuts in the same countries: from 0.028 to 0.057 (Kowalski et al. 2004) . We saw that the weed layer was more sensitive to dry conditions. Therefore, a hypothesis to understand the inversion observed during drought is that the gorse layer would become less light efficient under those conditions compared with the pines. As a dominant species on plot C compared with plot W, it would tend to decrease the ratio a 1 /a 2 .
Overall, weeding of the gorse layer associated with thinning of the pines seemed to have a beneficial effect on tree growth (Figure 7 ), in accordance with Juodvalkis et al. (2005) . They showed that, in several young stands including pine species, thinning resulted in increased diameter at breast height (DBH) growth. The 1-year difference in age between our two plots was not considered to explain the differences observed in diameter growth. Indeed, physical properties of wood and tree structure are thought not to vary within this stage of growth, and photosynthetic parameters have been shown not to vary in a chronosequence of maritime pine stands in the Landes forest . Therefore, in our study, the age difference is implicitly taken into account through the differences in LAI and basal area of the stand.
Conclusion
In the context of climate change, important roles of forests are in carbon sequestration and intensive production of bio-energy. Management options need to be designed to maximize these roles. Management options available for pine stands in the south-west region of France include thinning, weeding during the early stage of growth and intersowing with coexisting N-fixing species. We examined the consequences of these management options for carbon, water and energy exchanges on two adjacent young maritime pine stands representative of both stages (before and after thinning and weeding) using a paired measurement system, including soil, plant and atmospheric measurements.
We first showed that at the annual scale, a small difference was observed in the net radiation between the two plots, which was explained by opposing effects on albedo and long-wave radiation emitted by the surface and their respective dynamics through the study year. The components of the energy balance showed contrasting trends at the seasonal scale. Latent heat flux and GPP were larger during the growing season on the control plot, which could be attributed to a higher LAI on that plot. This difference was severely reduced, with the same dynamics for LE and GPP, in the drought event, during which flux values of the control plot reached those observed on the weeded plot. Plot W also underwent a decrease in LE and GPP. This decrease was probably linked to stomatal closure on both plots. Observations of tree transpiration suggest that the extreme decrease in LE and GPP on plot C was probably due to the effects of drought on gorse rather than on pines. It suggests that the pines on both plots had similar responses to drought, even though the stocking densities differed. This behaviour was also observed in tree growth: the relative growth in stem diameter stopped simultaneously on the two plots during the drought event. We attributed this pattern to the fact that trees on plot W did not take advantage of the higher soil water availability due to removal of the vegetation layer, potentially because the pine roots had not fully explored the soil.
The reduction in total LAI due to the removal of the N-fixing gorse layer and thinning did not cause the weeded plot to become a source of carbon as we could have expected. Both plots were carbon sinks at annual scale and during summer. However, both of them were small sources in winter. Despite the small difference in annual total ET, net carbon sequestration was lower by 73% in the disturbed plot. These observations can contribute to an understanding of the operational advantage of controlling the gorse layer during the early stage of maritime pine stands, although in this study we did not consider N input benefits. Watt et al. (2003) showed for broom growing with young Pinus radiata that the N released upon weeding could enhance tree growth in stands deficient in N. However, it is known that in dry conditions, water stress can limit nutrient uptake by trees (Kreuzwieser and Gessler 2010) . Augusto et al. (2009) and Kreuzwieser and Gessler (2010) both documented significant levels of N fixation by gorse (Ulex europeaus L.) and broom, respectively, which might increase tree growth in the long term, but such increases in pine growth would also depend on water availability to the pine root system. Future studies of management benefits of these options to growth of young stands for wood-energy need to consider these aspects.
